ABSTRACT: Biocompatible polymers such as poly(ethylene glycol) (PEG) have been successfully conjugated to therapeutic proteins to enhance their pharmacokinetics. However, many of these polymers, including PEG, only improve the in vivo lifetimes and do not protect proteins against inactivation during storage and transportation. Herein, we report a polymer with trehalose side chains (PolyProtek) that is capable of improving both the external stability and the in vivo plasma half-life of a therapeutic protein. Insulin was employed as a model biologic, and high performance liquid chromatography and dynamic light scattering confirmed that addition of trehalose glycopolymer as an excipient or covalent conjugation prevented thermal or agitation-induced aggregation of insulin. The insulin− trehalose glycopolymer conjugate also showed significantly prolonged plasma circulation time in mice, similar to the analogous insulin−PEG conjugate. The insulin−trehalose glycopolymer conjugate was active as tested by insulin tolerance tests in mice and retained bioactivity even after exposure to high temperatures. The trehalose glycopolymer was shown to be nontoxic to mice up to at least 1.6 mg/kg dosage. These results together suggest that the trehalose glycopolymer should be further explored as an alternative to PEG for long circulating protein therapeutics.
■ INTRODUCTION
Protein drugs have high specificity and potency, and as a result more than 130 proteins or peptides are approved by the FDA. 1 However, proteins also face substantial challenges including short half-lives in the bloodstream, as well as chemical and physical instability upon exposure to environmental stressors leading to short shelf lives. 2−4 Covalent attachment of poly(ethylene glycol) (PEG) to proteins, or PEGylation, is the most widely used polymer conjugation technique to address the pharmacokinetic challenge of proteins, and ten FDAapproved PEGylated proteins are currently on the market. 2,5−7 However, linear PEG does not necessarily improve the stability of proteins to environmental stressors during storage and transport: close to 80% of all protein drugs need to be refrigerated or frozen even in the presence of PEG or other stabilizing excipients. 1 This lowers patient compliance and quality of life and increases costs due to refrigeration during delivery and storage. 3, 4, 7 More importantly, denaturation of protein drugs as a result of inadequate storage can result in lifethreatening events caused by inadequate dosage.
While many PEG alternatives are under development, most have been employed to increase the in vivo half-life of protein therapeutics and few have the ability to increase environmental stability. 7, 8 Protein−polymer conjugates with improved in vivo half-lives have been successfully prepared with polymers such as poly(N-(2-hydroxypropyl) methacrylamide) (pHPMA), 9−11 polyoxazolines, 12−14 and hydroxyethyl starch (HES). 15, 16 However, conjugating these polymers does not necessarily improve protein stability during storage. There are few recent examples of protein-stabilizing polymers such as zwitterionic carboxybetaine polymer for enzymes, 8, 17 cationic dendrimer for proline-specific endopeptidase (PEP), 18 and branched or "comb" PEG for oxytocin, 19, 20 but these have been mainly limited to enzyme or small peptide stabilization. There is still a tremendous need and interest in developing new PEG alternatives that can confer both increased half-life and storage stability for a variety of proteins and stressors.
Herein, we describe a trehalose glycopolymer that we call PolyProtek ( Figure 1 ) to address protein instability during both storage and use. The polymer has the disaccharide trehalose at the side chains and stabilizes various enzymes and proteins to fluctuations in temperature and lyophilization in solution. 21−23 We have also employed a trehalose glycopolymer as a resist material and demonstrated that the polymer stabilizes proteins to high vacuum and direct electron beam irradiation in solid films. 24, 25 Trehalose is known to stabilize proteins with a mechanism attributed to vitrification, water replacement, and/ or water entrapment. 26, 27 Yet, trehalose glycopolymers have outperformed trehalose itself in several studies. 21, 22, 24 This may be a result of both the osmolyte and nonionic surfactant character of the polymers. 22, 28 Others have shown that polymers with trehalose side chains can inhibit amyloid formation and form stable nanoparticles for nucleic acid delivery.
29− 31 We hypothesized that trehalose glycopolymers would also stabilize proteins in vivo similar to PEG. In the study described here, for the first time we demonstrate that the trehalose glycopolymer can maintain the plasma protein concentration within the therapeutic window over an extended period of time and also stabilize a protein therapeutic at elevated temperature and under mechanical stress. Insulin was chosen as a model protein because of its wide clinical usage and well-established structure and bioactivity assays. 32 
■ RESULTS
The recommended storage for insulin is 2−8°C because the protein inactivates at a significantly higher rate when it is kept at room temperature. 33−35 The protein is also prone to aggregation during mechanical agitation associated with transportation. 36 Aggregation of insulin exposed to these stressors decreases the activity and poses a risk of diabetic ketoacidosis and other complications for patients. 34 Thus, we examined whether or not the trehalose glycopolymer with a polystyrene backbone and acetal-linked trehalose ( Figure 1 ) could stabilize insulin to thermal and mechanical stress. In our initial tests we added the polymer as an excipient. An accelerated thermal stability study of insulin was carried out by comparing insulin of heated with and without the trehalose glycopolymer for 30 min. High performance liquid chromatography (HPLC) was employed to evaluate the percent of intact insulin because this technique is established as a way to quantify and distinguish intact insulin from its degradation products caused by aggregation. 33 HPLC analysis of the stressed insulin showed that while insulin significantly degraded after heating or agitation, adding 2 mol equiv of the trehalose glycopolymer stabilized the protein to a much greater extent (Figure 2a) . Though the addition of 2 mol equiv of PEG during heating extended the initial time to denaturation of insulin, the insulin in the presence of PEG eventually degraded to the same extent as the insulin alone at 30 min. Dynamic light scattering (DLS) was employed to study whether or not the trehalose glycopolymer prevented aggregation of insulin. The analysis showed that before stress, the diameter of insulin alone was 4 ± 1 nm and with the trehalose glycopolymer was 7 ± 1 nm. After heating, the diameter increased to 1291 ± 189 nm for the insulin sample, while it remained at 6 ± 2 nm when the trehalose glycopolymer was present (Figure 2b ). The mechanical stress stability study was carried out by agitation at 250 rpm and 37°C for 3 h. Both the HPLC and DLS analyses showed that the trehalose glycopolymer as an excipient (2 mol equiv) completely prevented aggregation of the protein (Figure 2c,d) . Interestingly, the addition of PEG resulted in destabilization of insulin during agitation (Figure 2c ). This may be due to the hydrophobic interactions of PEG with exposed hydrophobic residues of insulin, which has been previously reported for PEG with other proteins. 37, 38 These results demonstrated that the trehalose glycopolymer effectively prevents insulin aggregation induced by both heat and mechanical stress, which are major mechanisms of insulin degradation. 39, 40 The data further suggested that the polymer was a good candidate for conjugation to insulin.
A protein-reactive trehalose glycopolymer was thus prepared through reversible addition−fragmentation chain transfer (RAFT) polymerization using either a ketone-or aldehydefunctionalized chain transfer agent (M n = 13.8 kDa and Đ = 1.35 for ketone and M n = 9.9 kDa and Đ = 1.10 for aldehyde end-group polymer) and subsequently conjugated to insulin via reductive amination, which is commonly used to conjugate to amines ( Figure 3, Figures S1−S4) . 41, 42 The trithiocarbonate of the RAFT polymer was not reduced under these reductive amination conditions as demonstrated by UV−vis spectroscopy ( Figure S5 ). However, if required, the trithiocarbonate could be removed using standard protocols. 43 Conjugations were confirmed by native gel and Western blot (Figure 4c,d and Figure S6 −7) and the conjugates were purified via fast protein liquid chromatography (FPLC). Both ketone and aldehyde polymers were able to conjugate to insulin, with the aldehyde polymer providing higher yields in a shorter amount of time (quantitative conversion after 14 h using 12.5 mol equiv of the polymer, native polyacrylamide gel electrophoresis (PAGE) in Figure S7 versus S6). Thus, the majority of the studies were conducted with conjugates prepared with the benzaldehyde end-functionalized polymer. PEG aldehyde monomethoxy ether (10 kDa) was also conjugated to insulin as a control (PAGE in Figure S8 ).
The conjugates were also characterized by mass spectrometry. We have observed that the trehalose glycopolymer inhibits evaluation by mass spectrometry and prevents protein ionization even when added to samples; thus, a two-step treatment of the sample was necessary for its analysis. First, the trehalose glycopolymer-insulin was treated with formic acid to cleave the polymer chain at the ester leaving a 106 Da linker (corresponding to the 4-hydroxybenzaldehyde moiety) attached to the conjugation site. Second, dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP) was used to reduce the disulfide bridges of insulin to release chain A (2382 Da) and chain B (3427 Da) plus the mass of the attached linker. The matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrum of the conjugate ( Figure S9 ) shows two species with 106 and 212 Da greater mass than insulin, suggesting the presence of mono-and disubstituted conjugates. Note that trace amount of insulin in the conjugate, although not detectable by Coomassie stain and Western blot, was visible in the spectrum due to very high ionization efficiency of insulin and nonquantitative nature of polymer cleavage from insulin. Nevertheless, the formic acid treatment was sufficient for characterization of the conjugate. Electrospray ionization mass spectrometry (ESI-MS) of the conjugate confirmed the MALDI results (Figure 4a ,b). Both chain A and chain B exhibited a peak that corresponded to modification with a single polymer. These results suggest that the trehalose glycopolymer was conjugated to the N-terminal glycine of chain A (GlyA1) and to N-terminal phenylalanine or lysine of chain B (PheB1 or LysB29). Since the previously reported reactivity of these amines followed the order GlyA1 > LysB29 ≫ PheB1, 44 we expected LysB29 to be the modification site on the chain B. To confirm this, tandem mass spectrometry experiments were performed on the chain B ion of both native and conjugated insulin ( Figure S10 ). The spectrum of the conjugate exhibited y 3 + 106 Da (m/z 451.20) ion, which confirmed that the linker was attached to LysB29 adjacent to the C-terminus.
This analysis indicates that the trehalose glycopolymer was conjugated to GlyA1 and LysB29, consistent with the literature report that these two amine functionalities are shown to be much more reactive toward conjugation than PheB1. 44 The conjugate was also confirmed by native gel and Western blot (Figure 4c and d) . For the PEG conjugate, MALDI-TOF analysis showed that the PEG conjugate was also mostly monoand disubstituted ( Figure S11a ), presumably at GlyA1 and LysB29 as previously reported for PEG conjugates. 44 This result also agreed with the PAGE result where two overlapping conjugate species were observed ( Figure S8 ). The peaks were separated by roughly 44 m/z, which corresponds to the molecular weight of the PEG repeat unit ( Figure S11b) .
Once conjugation was confirmed, the thermal and mechanical stability of the insulin−trehalose glycopolymer was evaluated as described above for the added polymer. In both cases, the conjugated polymer stabilized the protein in its monomeric form as shown by both HPLC and DLS. Further, the results of the conjugate closely resembled that of the excipient data for HPLC, demonstrating that conjugated polymer stabilized insulin as well as excess polymer excipient (Figure 2a,c) . DLS analysis showed that before stress the diameter of the insulin−trehalose glycopolymer conjugate was 6.4 ± 1.2 nm (Figure 2b,d) . The diameter did not increase after stress like insulin itself (≥1000 nm) and remained low at 4.7 ± 0.7 nm after heating and 6.5 ± 1.3 nm after agitation. Therefore, covalently conjugating two trehalose glycopolymer chains stabilized the monomeric form of insulin as well as adding 2 mol equiv (10 weight equivalents) of the polymer as an excipient.
Next, the effect of trehalose glycopolymer conjugation on the clearance rate of insulin was studied after tail vein injection into mice. Intravenous administration was used to eliminate subcutaneous absorption as a potential variable. Figure 5 shows the plasma concentration of insulin over time after injection. Both insulin−trehalose glycopolymer and insulin− PEG conjugates exhibited a significantly longer half-life and increased area under the plasma concentration time curve (AUC) compared to unmodified insulin. The native insulin was not detectable at any time point, which is consistent with the extremely short plasma half-life of insulin reported previously. 45 A much higher concentration (120 μg/kg versus 16 μg/kg) was required to observe the insulin ( Figure S12 ). The differences in the plasma levels of insulin−trehalose glycopolymer and insulin−PEG conjugates were statistically insignificant at all time points (p > 0.1). It is interesting to note that the PEG in this instance, even though it was the same molecular weight as the trehalose glycopolymer, had a 10-fold larger degree of polymerization (DP = 227 versus 21.9, respectively). The slower clearance observed for both conjugates was likely due to reduced renal filtration from the increased hydrodynamic volume, 46 as well as increased protease resistance and decreased opsonization as is known for PEGylated proteins, 47 and this will be verified along with the effect of degree of polymerization of the trehalose glycopolymer in future studies. Together, this data shows that trehalose glycopolymer conjugation is an effective strategy to extend the half-life of exogenously delivered insulin.
Next, the bioactivities of insulin and the insulin−trehalose glycopolymer conjugate were compared in mice. Generally, conjugation of polymers to proteins results in decreased bioactivity of the protein. Previous reports have shown that attachment of even a relatively small 2 kDa PEG decreases the in vivo bioactivity of insulin to about 80% of the original activity, and the effect becomes larger when higher molecular weight PEG is conjugated. 44 In the present work, a loss in activity compared to native insulin was also observed in insulin tolerance tests (ITT) in mice; a 5-fold dose of trehalose glycopolymer conjugate (concentration determined by ELISA) was required to achieve equivalent short-term biological activity of native insulin (Figure 6a) . A similar result has been reported with insulin conjugated to 20 kDa PEG, which had 17-fold lower binding affinity to the insulin receptor than the native protein. 48 This effect may be due to steric hindrance to insulin binding to the receptor as well as prolonged blood circulation and delayed transendothelial transport to tissue of action also observed for the basal insulin analogue insulin detemir. 49 Higher bioactivity may be obtained in the future by site-specific 
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The heat stability of the conjugate was further investigated in vivo by ITT in mice (Figure 6b) . The results confirmed the HPLC and DLS data and showed that the protein insulin retained a very low level of activity after heating (17%). In contrast, insulin heated in the presence of 2 molar (10 weight) equivalents of the trehalose glycopolymer added as an excipient retained 81% of its activity. Importantly, the mice treated with insulin−trehalose glycopolymer conjugate that was heated at 90°C exhibited full retention of activity relative to the conjugate stored refrigerated, demonstrating that the conjugate was fully active after heating to these conditions.
With these promising results of the stabilization effect of the trehalose glycopolymer both in vitro and in vivo, we further tested in vivo toxicity of the polymer. We have previously investigated the cytotoxicity in four different cell lines and found that the polymer does not decrease cell viability up to 8 mg/mL. 22 To evaluate the toxicity in vivo, hematological parameters were analyzed to assess if the trehalose glycopolymer, as a nonionic surfactant, would cause hemolysis; 50 kidney and liver toxicities were also tested since protein−polymer conjugates are known to be mainly cleared through renal and hepatic pathways. 51 A dosage of 1.6 mg/kg was injected via tail vein into mice. This dosage was selected because it was 100-fold higher dosage than was used in the pharmacokinetic studies and 20-fold higher than used in the bioactivity studies. The animals were monitored for signs of stress and weight loss, which were not observed, and after 48 h the animals were sacrificed for evaluation of the trehalose glycopolymer toxicity. 52, 53 Liver and kidney enzyme levels for both trehalose glycopolymer and phosphate-buffered saline (PBS) treated groups were both within the normal range (Table S1 ). In addition, hematological parameters including complete blood count (CBC) were found to be normal and comparable to the control group of PBS alone, and the histology of all the major organs was normal. These promising results suggest that the polymer is biocompatible at least up to 1.6 mg/kg in mice.
■ DISCUSSION
Our results demonstrate that like PEG, the trehalose glycopolymer increases the in vivo lifetime of a model therapeutic protein. Yet, the trehalose glycopolymer improves upon PEG by also stabilizing the protein to stressors that typically cause aggregation and reduce the activity of the protein. Enhanced pharmacokinetics is desirable because it translates to fewer doses and better dosing regimens, which improves patient compliance and ultimately the therapeutic efficacy of treatment. Stability to external heat and mechanical stress is additionally helpful for longer term storage of proteins and for better stability during transportation where protein drug solutions can undergo agitation. Thus, this data is the initial work in demonstrating the value of the trehalose glycopolymer (also called PolyProtek) as a potentially superior analog to PEG to enhance both the pharmacokinetics and storage stability of therapeutic proteins. Research along these lines is vital to move away from refrigeration of protein therapeutics and to enhance the safety of therapeutics while avoiding the cold chain.
Our study of insulin as a model protein was evaluated only by intravenous injections in mice mainly to test our hypothesis that trehalose glycopolymer could improve the pharmacokinetics of protein drugs. PEG-insulin (Lispro) has been studied as a once-daily injection for patients with type 1 and type 2 diabetes. 48, 54, 55 Thus, a major application of an analog of PEGylated insulin would be for subcutaneous injection for use as basal insulin. Absorption of insulin from subcutaneous depots is a nonlinear process, which depends on many factors such as the dissolution and diffusion of insulin or insulin conjugates, local blood flow, and local temperature. 56, 57 Intravenous administration of conjugates in the current study helps to rule out these confounding factors to accurately test one of the hypotheses, which is that the trehalose glycopolymer improves blood plasma lifetimes. This was a first test to evaluate whether or not a therapeutic protein could be stabilized in vivo with the trehalose glycopolymer. Future studies will entail subcutaneous and muscular injections of the trehalose glycopolymer−insulin conjugate.
We also chose insulin as the model therapeutic protein since insulin instability is clinically relevant and has been reported to cause medical emergencies such as ketoacidosis due to insulin degradation. 34 There has been work on insulin stabilization using modified insulin analogs, 58 small-molecule excipients, 40, 59, 60 liposomes, 61 and polymeric vehicles, 62 −64 yet due to the large demand of insulin around the world and rapid growth of diabetic population, there is still significant value in the study of additional approaches. Our research shows that adding trehalose glycopolymer as an excipient can prevent heat and mechanically induced aggregation and inactivation of insulin, and initial studies show that the polymer is nontoxic in mice. These results indicate that the trehalose glycopolymer should also be further investigated as a potential stabilizer of insulin as an excipient.
The current study also lends support for the further study of the trehalose glycopolymer as a versatile polymer for delivery of various therapeutic proteins. With improved pharmacokinetics and storage stability, protein drugs that are in general prone to degradation and elimination pathways could be stored without special precaution and be delivered with extended bioactivity if stabilized. Currently, the most frequent strategy to improve protein stability is through genetic modification of labile amino acid residues. However, this requires a priori knowledge of possible degradation pathways. Moreover, modification of even a single amino acid may disrupt the tertiary structure of a protein, making this approach a trial-and-error process that is both time-consuming and costly. Trehalose glycopolymers have been shown to be effective stabilizers of various protein classes including enzymes, 21−23 growth factors, 24 antibodies, 24, 25 and insulin as a hormone in this work, to external stressors such as heat, lyophilization, electron beam irradiation, and mechanical agitation. Therefore, we expect that trehalose glycopolymer conjugation will be a generalizable and reliable formulation strategy for stabilizing various proteins of clinical value, and investigation of this hypothesis is underway.
■ CONCLUSION
This report presents research on trehalose glycopolymer (PolyProtek) as a polymer that can enhance the stability and pharmacokinetics of a therapeutic protein. Specifically, we describe the ability of a polymer with pendant trehalose groups to stabilize the model protein insulin to high temperatures and mechanical agitation, and retain its bioactivity by inhibiting protein aggregation. Conjugated to the protein, the polymer increased the concentration of insulin in plasma over time and exhibited bioactivity as shown by the reduction of blood Bioconjugate Chemistry Article DOI: 10.1021/acs.bioconjchem.6b00659 Bioconjugate Chem. XXXX, XXX, XXX−XXX glucose levels even after heating. The in vivo toxicity results also suggested that the trehalose glycopolymer is a biocompatible polymer. Together, this research demonstrates that conjugation of the trehalose glycopolymer should be explored as an improvement over PEGylation for protein therapeutics because of its ability to enhance both environmental stability and in vivo bioavailability.
■ EXPERIMENTAL PROCEDURES
Materials. All chemicals were purchased from SigmaAldrich and Fisher Scientific and were used without purification unless noted otherwise. Azobis(isobutyronitrile) (AIBN) was recrystallized from acetone before use. Trehalose was purchased from The Healthy Essential Management Corporation (Houston, TX) and was azeotropically dried with ethanol and kept under vacuum until use. Recombinant human insulin was purchased from Sigma-Aldrich. Human insulin ELISA kit was purchased from Mercodia (Uppsala, Sweden). 2-(Ethyltrithiocarbonate)propionic acid was synthesized according to a literature procedure. 65 mPEG-propionaldehyde (10.5 kDa by MALDI, Đ = 1.02 by GPC) was purchased from Jenkem Technology (Allen, TX). PEG without end group (20 kDa) was purchased from Sigma-Aldrich. Styrenyl acetal trehalose monomer and trehalose glycopolymer (styrenyl acetal trehalose polymer without end-group synthesized by free radical polymerization, M n = 29.5 kDa, Đ = 2.11 by GPC) were prepared using the previously reported procedure. 22 Preparation of Insulin−PEG Conjugate. Insulin (0.50 mg, 8.6 × 10 −2 μmol), sodium cyanoborohydride (0.64 mg, 10 μmol), and 10 kDa mPEG-propionaldehyde (45 mg, 4.5 μmol, 52 molar equiv to insulin) were dissolved in 1 mL of 100 mM sodium acetate buffer, pH 4, in a 1.5 mL protein Lo-Bind tube. The mixture was incubated at 4°C for 20 h on a rocker, and the buffer was exchanged to D-PBS, pH 7.4, by centriprep ultrafiltration (MWCO 3 kDa) several times before purification by fast protein liquid chromatography (FPLC). The amount of insulin was assayed by ELISA according to manufacturer's instructions. Briefly, 25 μL of the diluted samples were added to the wells precoated with the capture antibody. Buffer containing detection antibody was added (100 μL), and the plate was incubated on a rocker at room temperature (23°C) for 1 h. The wells were washed six times with 350 μL of the wash buffer. 3,3′,5,5′-Tetramethylbenzidine (TMB) solution was added (200 μL), and the plate was incubated at room temperature for 15 min before the addition of 50 μL stop solution. The amount of insulin detected was quantified by absorbance at 450 nm relative to the standards supplied by the manufacturer.
Preparation of Insulin−Trehalose Glycopolymer Conjugate. Insulin (0.40 mg, 6.9 × 10 −2 μmol), sodium cyanoborohydride (0.64 mg, 10 μmol), and ketone endfunctionalized trehalose glycopolymer (47.6 mg, 2.75 μmol, 39 molar equiv to insulin) were dissolved in 1 mL of 100 mM sodium acetate buffer, pH 3.5, in a 1.5 mL protein Lo-Bind tube. The mixture was incubated at 4°C on a gentle rocker, and the buffer was exchanged to D-PBS, pH 7.4, by centriprep ultrafiltration (MWCO 3 kDa) several times before purification by fast protein liquid chromatography (FPLC). This conjugate was used for pharmacokinetic studies. For benzaldehyde endfunctionalized polymer, imine formation is facilitated by conjugation to the aromatic ring and thus the conjugation was conducted at a higher pH. Insulin (1.5 mg, 2.59 × 10 −1 μmol), sodium cyanoborohydride (4 mg, 63.8 μmol), and benzaldehyde end-functionalized trehalose polymer (31 mg, 3.1 μmol, 12 molar equiv to insulin) were dissolved in 1 mL of 200 mM phosphate buffer, pH 8.0, in a 1.5 mL protein Lo-Bind tube. The mixture was incubated at 37°C water bath for 12 h, and the buffer was exchanged to Dulbecco's phosphate-buffered saline (D-PBS), pH 7.4, by centriprep ultrafiltration (MWCO 3 kDa) several times before purification by FPLC. This conjugate was used for bioactivity and stability studies. The amount of insulin was assayed by ELISA as previously described. To determine if the trithiocarbonate could be reduced under these conditions, benzaldehyde end-functionalized trehalose polymer (15.5 mg, 1.5 μmol) was dissolved in 0.5 mL 200 mM phosphate buffer, pH 8.0 with and without sodium cyanoborohydride (2 mg, 31.9 μmol) and incubated at 37°C 12 h before absorption spectra were obtained.
Stability Study. Free insulin, insulin with the trehalose glycopolymer or PEG (20 kDa without end-group, 2 mol equiv to insulin), and insulin−trehalose glycopolymer conjugate were incubated at 90°C in PBS at a concentration of 0.5 mg/mL and total volume of 100 μL. At predetermined time interval, each sample was collected and subjected to further analysis. Free insulin, insulin with the trehalose glycopolymer or PEG (20 kDa without end-group, 2 mol equiv to insulin), and insulin− trehalose glycopolymer conjugate were agitated in PBS at 250 rpm and 37°C at a concentration of 0.5 mg/mL and total volume of 100 μL in glass vials secured horizontally. At predetermined time intervals, each sample was collected and subjected to further analysis. For RP-HPLC analysis, each sample was filtered and the concentration of insulin that remained in the sample was determined. Mobile phase consisted of aqueous phase (Solvent A) and organic phase (Solvent B). Solvent A was 0.1% v/v trifluoroacetic acid (TFA) in deionized distilled water and solvent B was acetonitrile. The solvent gradient used was 30% Solvent A to 40% Solvent A in 15 min. The insulin was detected with a UV detector at a wavelength of 215 nm. The measurements of the average size of the aqueous suspensions of insulin formulation were carried out on a Malvern Zetasizer Nano-ZS dynamic light-scattering (DLS) analyzer (Malvern Instruments Ltd., Malvern, Worcestershire, UK).
Pharmacokinetics Study. Unmodified insulin, insulin− trehalose glycopolymer conjugates, and insulin−PEG were formulated in saline (0.4 μg/mL). CD1 mice (5−6 wks, female, Charles River Laboratories) were used for the pharmacokinetic studies (n = 5 per group). A single dose of either unmodified insulin or insulin conjugates (16 μg/kg of insulin in 0.4 μg/mL concentration) was injected through the tail vein and blood samples (30−50 μL) were taken from the retro-orbital sinus at 3 and 10 min, from the lateral saphenous vein at 20 and 40 min, and by cardiac puncture after euthanasia at 60 min after administration. Blood was collected from each mouse four times and the total amount of blood collection was less than 1.25% of the animal's body weight. Insulin concentrations of the blood plasma samples were determined by ELISA according to the manufacture's protocol as previously described.
Bioactivity of Insulin and the Insulin−Polymer Conjugates. Bioactivity was determined by the ITT assay using standard protocols.
66 CD1 mice (6−8 wks, female, n = 5, Charles River Laboratories) were fasted for 4−6 h to reduce variability in baseline blood glucose. Pristine insulin, insulin after heating, insulin with addition of trehalose glycopolymer, insulin−trehalose glycopolymer conjugate, and insulin−trehalose glycopolymer conjugate after heating were intravenously
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Article injected at appropriate doses. For the stability assay, insulin formulations were injected at the dose of 40 μg/kg of insulin. To determine the bioactivity of the conjugate, the injection dose was 80 μg/kg and 16 μg/kg of insulin was injected as a control. At each prescribed time point, approximately 2 μL of blood sample was obtained from the tail vein in conscious mice by pricking the tail vein with a needle and sampling the formed blood droplet with a commercially available glucometer to measure the glucose concentration. The percent decrease in blood glucose level was calculated using the following formula: Toxicity Study. CD1 mice (5−6 wks, female, Charles River Laboratories) were injected subcutaneously with either PBS or trehalose glycopolymer (n = 5). The animals received one injection of trehalose glycopolymer at a dose of 1.6 mg/kg. After 48 h, 600 μL of blood was collected by cardiac puncture and the major organs were harvested for histology analysis. Complete blood count (CBC) was performed with whole blood to determine the hematological compatibility of the polymer. Serum aspartate (AST) and alanine (ALT) aminotransferase activities were determined to assess liver toxicity; serum creatinine (Creat) and blood urea nitrogen (BUN) levels were determined to assess kidney toxicity. A sample from one animal in the control group (PBS) exhibited hemolysis and was discarded from the data set. Histology sections of heart, lung, liver, spleen, and kidney were assessed by Dr. Gregory Lawson (Division of Laboratory Animal Medicine, UCLA). They were all found to be normal.
Statistical Analysis. For assessment of the statistical significance of differences, Student's t test assuming unequal sample variance was employed. Results were considered significantly different if p < 0.05.
